Submitted on 5 Nov 2010
HAL is a multi-disciplinary open access archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from teaching and research institutions in France or abroad, or from public or private research centers.
L'archive ouverte pluridisciplinaire HAL, est destinée au dépôt età la diffusion de documents scientifiques de niveau recherche, publiés ou non, emanant desétablissements d'enseignement et de recherche français ouétrangers, des laboratoires publics ou privés.
Introduction 50 51
Continental water storage is a key component of global hydrological cycles and plays a major 52 climate system via controls over water, energy and biogeochemical fluxes. 53
In spite of its importance, the total continental water storage is not well-known at regional and 54 global scales because of the lack of in situ observations and systematic monitoring of the 55 groundwaters (Alsdorf and Lettenmaier, 2003) . 56
The Gravity Recovery and Climate Experiment (GRACE) mission provides a global mapping 57 of the time-variations of the gravity field at an unprecedented resolution of ~400 km and a 58 precision of ~1 cm in terms of geoid height. Tiny variations of gravity are mainly due to 59 redistribution of mass inside the fluid envelops of the Earth (i.e., atmosphere, oceans and 60 continental water storage) from monthly to decade timescales (Tapley et al., 2004) . 61 level. For the very first time, monthly global maps of the gravity time-variations can be 119 derived from GRACE measurements, and hence, to estimate the distribution of the change of 120 mass in the Earth system. 121 122 2.1.1. The Level-2 raw solutions 123
124
The Level-2 raw data consist of monthly estimates of geo-potential coefficients adjusted for 125 each 30-day period from raw along-track GRACE measurements by different research groups 126 (i.e., CSR, GFZ and JPL). These coefficients are developed up to a degree 60 (or spatial 127 resolution of 333 km) and corrected for oceanic and atmospheric effects (Bettadpur, 2007) to 128 obtain residual global grids of ocean and land signals corrupted by a strong noise. These data 129 are available at: ftp://podaac.jpl.nasa.gov/grace/. 130 131 2.1.2. The destriped and smoothed solutions 132
133
The monthly raw solutions (RL04) from CSR, GFZ, and JPL were destriped and smoothed by 134 Chambers (2006) for hydrological purposes. These three datasets are available for several 135 averaging radii (0, 300 and 500 km on the continents and 300, 500 and 750 km on the oceans) 136 at ftp://podaac.jpl.nasa.gov/tellus/grace/monthly. 137
138
In this study, we used the Level-2 RL04 raw data from CSR, GFZ and JPL, that we filtered 139 with a Gaussian filter for radii of 300, 400 and 500 km, and the destriped and smoothed 140 solutions for the averaging radii of 300 and 500 km over land. 141 142
The hydrological data for the Murray Darling Basin 143 144
In the predominantly semiarid Murray Darling Basin, most of the surface water is regulated 145 using a network of reservoirs, lakes and weirs (Kirby et al., 2006) Land Data Assimilation System (Rodell et al., 2004b ). The NOAH model simulates surface 154 energy and water fluxes/budgets (including soil moisture) in response to near-surface 155 atmospheric forcing and depending on surface conditions (e.g., vegetation state, soil texture 156 and slope) (Ek et al., 2003) . The NOAH model outputs of soil moisture estimates have a 1° 157 spatial resolution and, using four soil layers, are representative of the top 2 m of the soil. 158
In situ estimates of annual changes in the total groundwater storage (GW) across the drainage 159 basin were obtained from an analysis of groundwater levels observed in government 160 monitoring bores from 2000 to 2008. Compared to earlier estimates by Leblanc et al. (2009) , 161 the groundwater estimates presented in this paper provide an update of the in situ water level 162 and a refinement of the distribution of the aquifers storage capacity. 163
Assuming that (1) the shallow aquifers across the Murray-Darling drainage basin are 164 hydraulically connected and that (2) at a large scale the fractured aquifers can be assimilated 165 to a porous media, changes in groundwater storage across the area can be estimated from 166 observations of groundwater levels (e.g., Rodell et al., 2007; Strassberg et al., 2007) . 167
Variations in groundwater storage ( GW ) were estimated from in situ measurements as: 168 
B C (6) 265
The whitening is obtained using an EVD of the covariance matrix C: 266
where E is the orthogonal matrix of the eigenvectors of C and D is the diagonal matrix of its 268 eigenvalues. D=diag(d 1 d P ) as a reduction of the dimension of the data to the number of 269 independent components (IC) P is performed, discarding the too small eigenvalues. 270
For the third step, an orthogonal transformation of the whitened signals is used to find the 271 separated sources by rotation of the joint density. The appropriate rotation is obtained by 272 maximizing the non-normality of the marginal densities, since a linear mixture of independent 273 random variables is necessarily more Gaussian than the original components. 274
Many algorithms of different complexities have been developed for ICA (Stone, 2004) 
. The 275
FastICA algorithm, a computationally highly efficient method for performing the estimation 276 of ICA (Hyvärinen and Oja, 2000) has been considered to separate satellite gravity signals. It 277 uses a fixed-point iteration scheme that has been found to be 10 to 100 times faster than 278 conventional gradient methods for ICA (Hyvärinen, 1999) . 279
We used the FastICA algorithm (available at http://www.cis.hut.fi/projects/ica/fastica/) to 280 unravel the IC of the monthly gravity field anomaly in the Level-2 GRACE products. We 281 previously demonstrated, on a synthetic case, that land and ocean mass anomalies are 282 statistically independent from the north-south stripes using information from land and ocean 283 models and simulated noise (Frappart et al., 2010) . Considering that the GRACE Level-2 284 products from CSR, GFZ and JPL are different observations of the same monthly gravity 285 anomaly and, that the land hydrology and the north-south stripes are the independent sources, 286
we applied this methodology to the complete 2002-2009 time series. The raw Level-2 287 GRACE solutions present Gaussian histograms which prevent the successful application of 288 the ICA method. To ensure the non-Gaussianity of the observations, the raw data have been 289 preprocessed using Gaussian filters with averaging radii of 300, 400 and 500 km as in 290 Frappart et al. (2010) . 291 292
Time-series of basin-scale total water storage average 293 294
For a given month t, the regional average of land water volume V(t) (or height h(t)) over a 295 given river basin of area A is simply computed from the water height h j , with 296 (expressed in terms of mm of equivalent-water height) inside A, and the elementary surface 297 As ICA provides separated solutions which have Gaussian distributions, the variance of the 309 regional average for a given basin is: 310
where formal is the regional formal error, k is the formal error at a grid point number k, and L 312 is the number of points used in the regional averaging. 313
If the points inside the considered basin are independent, this relation is slightly simplified: 314 deep resonance between the satellites caused by an almost exact repeat of the orbit, 370 responsible for a significantly poorer accuracy of the monthly solutions (Chambers, 2006) . As 371 ICA is based on the assumption of independence of the sources, if the sources exhibit similar 372 statistical distribution, the algorithm is unable to separate them. 373 A classical measure of the peakiness of the probability distribution is given by the kurtosis. 374
The kurtosis K y is dimensionless fourth moment of a variable y and classically defined as: 375
If the probability density function of y is purely Gaussian, its kurtosis has the numerical value 377 of 3. In the followings, we will consider the excess of kurtosis (K y -3) and refer to the kurtosis 378 as it is commonly done. So a variable y will be Gaussian if its kurtosis remains close to 0. 379
The time series of the kurtosis of the sources separated using ICA are presented in Fig. 2 for 380 different radii of Gaussian filtering (300, 400 and 500 km) of GRACE mass anomalies. The 381 kurtosis of the sum of the 2 nd and 3 rd ICs, corresponding to the north-south stripes, is most of 382 the time, close to 0; that is to say that the meridian oriented spurious signals is almost 383 We also observed that the number of time steps with only one IC (the outputs are identical to 388 the inputs, i.e., no independent sources are identified and hence no filtering was performed) 389 increases with the radius of the Gaussian filter (none at 300 km, 2 at 400 km, 7 at 500 km). 390
In the following, as the ICA-derived TWS with a Gaussian prefiltering of 300 km, exhibits an 391 important gap of 6 months in 2004, we will only consider the solutions obtained after a 392 preprocessing with a Gaussian filter for radii of 400 and 500 km (ICA400 and ICA500). 393 394
Global scale comparisons 395 396
Global scale comparisons have been achieved with commonly-used GRACE hydrology 397 preprocessings: the Gaussian filter (Jekeli, 1981) (Fig. 3) and RMS (Fig. 4) maps computed between the ICA400 (respectively 408 ICA500) and Gaussian-filtered solutions with a radius of 400 km (500 km), named in the 409 followings G400 (G500). High correlation coefficients are generally observed over land 410 (greater than 0.9), increasing with the smoothing radius, especially over areas with large 411 hydrological signals, i.e., Amazon, Congo and Ganges basins, boreal regions. On the contrary, 412
low correlation values, structured as stripes, are located over arid and semi-arid regions 413 (southwest of the US, Sahara, Saudi Arabia, Gobi desert, centre of Australia), especially for 414 GFZ and JPL solutions. These important RMS differences between Gaussian and ICA-based 415 solutions reveal that the GRACE signals still contains remaining stripes after the Gaussian 416
filtering. This justifies that extracting the useful continental hydrology signals requires a 417 further processing. For this purpose, ICA succeeds in isolating this noise in its second and 418 third components (as illustrated in Figure 1) . 419
In Fig. 4 , we observe that the spatial distribution of the RMS between ICA solutions and 420
Gaussian solutions presents north-south stripes with values generally lower than 30 mm, 421 except for some spots between (20 30)° of latitudes on the GFZ (Fig. 4c and d ) and JPL 422 ( Fig. 4e and e) solutions. The ICA approach allows the filtering of remnant stripes present in 423 the Gaussian solutions, especially for GFZ and JPL (Fig. 4c to f) . These unrealistic structures 424 (stripes and spots), which correspond to resonances in the orbit of the satellites, are clearly 425 filtered out using the ICA approach (compare with Fig. 1) . A more important smoothing due 426 to a larger radius caused a decrease of the RMS between ICA and Gaussian solutions (Fig 4a,  427 c and e). The RMS can reach 100 mm between ICA400 and G400 and only 65 mm between 428 ICA500 and G500 for the GFZ solutions. 429 for the GFZ and the JPL solutions. These important differences correspond to north-south 446 stripes that still appear in the destriped and smoothed solutions despite the filtering process 447 (and that can be filtered out by applying an ICA approach see the results for DS300 GFZ 448 solution of March 2006 in Fig. 7) . For an averaging radius of 500 km, the RMS between 449 ICA500 and DS500 is lower than 20 to 30 mm, except for the Nunavut (Fig. 6b, d, f) , along 450 the Parana stream (40 to 50 mm in the CSR solutions Fig. 6b) , and along the Amazon and 451
Parana streams (60 to 80 mm in the GFZ solutions Fig. 6d) . 452
These low spatial correlations suggest Gaussian-ICA provides at the least equivalent results 453 on the continents to the smoothing-destriping method. Besides, it is interesting that both 454 approaches are based on a pre-Gaussian filtering. Short wavelength differences between the 455 maps obtained separetely using ICA and destriping reveals the limitation of the destriping 456 which generates artefacts in the tropics. 457 al., in press, for details). We present in Fig. 8 trends of TWS for ICA400 (Fig. 8a) and 465 ICA500 (Fig. 8b) , for G400 (Fig. 8c) and G500 (Fig. 8d) , and for DS300 (Fig. 8e ) and DS500 466 (Fig. 8f) . 467
The trend estimates exhibit large differences in spatial patterns and the amplitude of the 468 signal, especially between ICA and other processing methods. The most significant 469 differences over land (except Antarctica) are located at high latitudes, over Scandinavia, and 470 the Laurentide region, in the northeast of Canada. The ICA400 and ICA500 solutions present 471 negative trends of TWS ( Fig. 8a and b) , whereas the G400 and G500 and the DS300 and 472 DS500 present large positive trends (Fig. 8c to f) . These two zones are strongly affected by 473 the post-glacial rebound (PGR) which has a specific signature in the observed gravity field. and their sum does not exclusively correspond to GIA, but to a mixture of geophysical 483 remaining signals and noise. It is also worth noticing that the gravity signature of the Sumatra 484 event in December 2004, which is clearly apparent on the Gaussian-filtered solutions (Fig. 8c  485 and d), is not visible in the 1 st mode of the ICA solutions ( Fig. 8a and b) , but is present in the 486 sum of the 2 nd and 3 rd ICs. This confirms that the ICA is able to isolate a pure hydrological 487 mode in the GRACE products. 488 A second important difference between ICA solutions and Gaussian-filtered and destriped and 489 smoothed solutions concerns the impact of the filtering radius on the trends estimate. An 490 increase of the filtering radius causes a smoothing of the solutions, and, consequently, a 491 decrease of the intensity of the trends on Gaussian-filtered and destriped and smoothed 492 solutions (Fig. 8c to f) . On the contrary, the intensity of the trends increases with radius of 493 prefiltering on the ICA solutions. The location of the extrema is also shifted. This change in 494 the location is a side-effect of the prefiltering with the Gaussian filter. A better location of the 495 trends is observed when a Gaussian-filter of 400 km of radius is used instead of 500 km (see 496 for instance the trends pattern in the Amazon and Orinoco Basins in Fig. 8a and b) . 497 498
Basin scale comparisons 499 500
Changes in total water volume were estimated for 27 drainage basins whose locations are 501 shown in Fig. 9 (the corresponding areas are given in Table 1 ). ICA400 and ICA500 were 502 used to compute regional TWS averages versus time (Eq. 8 and 9). These times-series were 503 compared to the G400 and G500, and the DS300 and DS500 respectively. Examples of the 504 Amazon, the Ob and the Mekong basins for ICA400, G400 and DS300 (GFZ solutions) are 505 presented in smoothed TWS time series for some periods (Fig. 10a, 10b and 10c) . These peaks only appear 515 on the Gaussian-filtered solutions for the smallest basins, such as the one of the Mekong river 516 (Fig. 10c) , but are not present in the ICA-filtered solutions. RMS difference between ICA-517 filtered solutions and the other type of solutions are generally lower than 30 mm of equivalent 518 water height and logically decrease with the radius of filtering. Differences with ICA 519 solutions are generally larger for the GFZ-based destriped solutions, especially in tropical 520 regions where the performances of the destriping are not the best and the hydrological signal 521 the largest (Fig. 11) . 522
We present an analysis of possible sources of error on the computation of regional averages 523 versus time using the 300, 400, 500-km pre-filtered ICA solutions. This task is made on the 524 longest available period of time for each center (CSR, JPL, GFZ), and for the 27 drainage 525 basins (Table 1) . 526
The formal error decreases with the number of points (see Eq. 10 and 11), the surface of the 527 considered region, and the value of error k at each grid point. In the case of the Amazon 528 To estimate the frequency cut-off error , we made statistics of the 534 numerical tests were performed to see what maximum error can be reached using Eq. 12. We 535 computed this residual quantity for 300, 400 and 500 km-filtered ICA solutions and for each 536 hydrological basin for N 1 =60 and N 2 =300. The maximum error is always less than 1 km 3 , as 537
shown previously (Ramillien et al., 2006a) , and it decreases with the filtering wavelength of 538 the pre-processing. In other words, this error simply increases with the level of noise in the 539 data. For the 300 km and 400 km pre-filtered solutions, the maximum values are found for the 540 Amur River: 0.3 km 3 (CSR), 0.1 km 3 (JPL), and 0.8 km 3 (GFZ), and 0.04 km 3 (CSR), 0.09 541 km 3 (JPL), 0.08 km 3 (GFZ) respectively. While using the 500-km filtered solutions, the error 542 of truncation is less than 0.005 km 3 . 543
The leakage error on the ICA solutions was computed per drainage basin (see section 3.5). 544
The results are presented in Fig. 12 for the different centres and radii of Gaussian prefiltering 545 of 300, 400 and 500 km. We observed that the leakage decreases with radius of filtering and 546 is generally lower in the JPL solutions, which presents lowest peak to peak amplitudes. This 547 leakage error is logically greater in areas where several basins with large hydrological signal 548 deviations to the reference for the different considered solutions (Fig. 15) over [2003] [2004] [2005] [2006] 582 where the range of variability of the GW is lower. Generally, the absolute deviation of ICA-583 derived TWS to the reference is lower than 5 km 3 , especially for solutions filtered at 400 km. 584
At 500 km, the smoothing due to the preprocessing using a Gaussian filter is more important 585 and explains the slight increase of the absolute deviation as the spatial resolution is degraded. 586
The destriping method and the Gaussian filtering also exhibit good performances, even if 587 important deviations are sometimes observed (particularly with the Gaussian filter for a radius 588 of 400 km). 589 590
Conclusion 591 592
The ICA-based approach is a very efficient method for successfully separating TWS from 593 noise in the GRACE Level-2 data. We demonstrated that this method is more robust than 594 classical filtering methods, such as the Gaussian filtering or the destriping. Comparisons at a 595 global-scale showed that the ICA-based solutions present less north-south stripes than 596
Gaussian and destriped solutions on the land, and more realistic hydrological structures than 597 the destriped solutions in the tropics. Trend maps over 2003-2008 have also been computed. 598
The corresponding trend maps present more realistic trend patterns than those obtained with 599 other types of solutions (see for example over the Amazon and Orinoco Basins with the 400 600 km radius of prefiltering). ICA filtering seems to allow the separation of the GIA from the 601 TWS as negative trends were found over the Laurentides and Scandinavia. Unfortunately, this 602 important geophysical parameter does not appear clearly in an ICA mode yet. The major 603 drawback of this approach is that it can not directly be applied to the GRACE Level-2 raw 604 data, as a first step of prefiltering is required. In this study, we applied a Gaussian filtering 605 which deteriorates the location of the important water mass patterns. This aspect of the pre-606 treatment to be improved and highlights the necessity to replace the Gaussian filter used for 607 preprocessing the GRACE Level-2 raw data by one more suited to improve the quality of the 608 GRACE-derived TWS and thus obtain trustworthy estimate of the trends. 609
At the basin-scale, the ICA-based solutions allowed us to filter out the unrealistic peaks 610 present in the time-series of TWS obtained using classical filtering for basins with areas lower 611 than one million km². Among the ICA-based solutions, the JPL solutions are less affected by 612 leakage compared with other solutions. JPL solutions also exhibit the lowest peak-to-peak 613 amplitudes. The error balance of the GRACE-derived TWS is dominated by the effect of the 614 leakage. Tables  846  847  Table 1 b) ICA500, c) G400, d) G500, e) DS300 and f) DS500. 882 883 Figure 9 : Location of the 27 drainage basins chosen in this study. See Table 1 Table 1 for the correspondence between basins and numbers. 
